It is well known that critically ill patients require special attention and additional consideration during their treatment and management. The multiple systems and organ dysfunctions, typical of the critical patient, often results in different patterns of enteral absorption in these patients. Anti-platelet drugs are the cornerstone in treating patients with coronary and cerebrovascular disease. Dual anti-platelet therapy with aspirin and clopidogrel is the treatment of choice in patients undergoing elective percutaneous coronary interventions and is still widely used in patients with acute coronary syndromes. However, despite the use of dual anti-platelet therapy, some patients continue to experience cardiovascular ischemic events. Recurrence of ischemic events is partly attributed to the fact that some patients have poor inhibition of platelet reactivity despite treatment. These patients are considered low-or nonresponders to therapy. The underlying mechanisms leading to resistance are not yet fully elucidated and are probably multifactorial, cellular, genetic and clinical factors being implicated. Several methods have been developed to asses platelet function and can be used to identify patients with persistent platelet reactivity, which have an increased risk of thrombosis. In this paper, the concept of anti-platelet therapy resistance, the underlying mechanisms and the methods used to identify patients with low responsiveness to anti-platelet therapy will be highlighted with a focus on aspirin and clopidogrel therapy and addressing especially critically ill patients.
Introduction
Acute cardiovascular events can lead frequently to a critical, life-threatening condition, in case of acute myocardial infarction complicated with cardiogenic schock, critical limb ischemia or acute cerebrovascular events. The critical role of platelets during acute thrombotic events in the context of arterial disease is well established [1] . Anti-platelet drugs have therefore a major role in treating patients with coronary artery disease, ischemic stroke and peripheral arterial disease [2] . According to European Society of Cardiology (ESC) and American Heart Association / American College of Cardiology (AHA/ACC) guidelines, a combination regimen of aspirin and clopidogrel is the treatment of choice in patients undergoing elective percutaneous coronary interventions and is still widely used in patients with acute coronary syndromes [3] [4] [5] . However, despite the use of dual anti-platelet therapy, some patients continue to develop cardiovascular ischemic events [6.7] . Recurrent ischemic events are partly attributed to the fact that some patients have poor inhibition of platelet reactivity despite treatment [7] . These patients are considered low-or non-responders ("resistant") to therapy [8] . It is well known that individual responsiveness to clopidogrel and/or aspirin varies widely among patients and is subject to intra-and inter-individual variability [7, 9] . The un-derlying mechanisms leading to resistance are not yet fully elucidated and are probably multifactorial [10, 11] . Different methods have been developed for monitoring response to anti-platelet drugs and for identifying patients with persistent platelet reactivity, which is essential for the development of atherothrombotic complications [12, 13] .
This article reviews the concept of anti-platelet therapy resistance, the underlying mechanisms including genetic polymorphisms that might influence response to anti-platelet drugs and the methods used to identify patients with low responsiveness to anti-platelet therapy. We will focus on aspirin and clopidogrel based on frequency of use in clinical practice and availability of study data, with a special focus on describing the mechanisms for anti-platelet drugs resistance in critically ill patients.
Anti-platelet drugs -mechanisms of action

Aspirin
The main cyclooxygenase (COX) product in activated platelets is thromboxane A2 (TxA2) which induces platelet aggregation and acts as a potent vasoconstrictor [14] . At the molecular level, aspirin causes irreversible acetylation of a serine residue in the 529 position of the COX-1 enzyme. This particular enzyme produces the cyclic endoperoxide precursor of TxA2, thereby blocking the thromboxane-mediated pathway. Since platelets lack the synthetic machinery to produce significant amounts of new COX, the effect of aspirin is permanent, throughout the entire life of the platelet, and the inhibitory effect will become cumulative when aspirin is administered once every day [14, 15] . Aspirin treatment reduces the number of thrombotic events in high risk patients by almost 25% [16] . Although aspirin has a proven antithrombotic effect, 10 to 20% of the patients treated with aspirin have a recurrent arterial thrombotic event during the long-term follow-up [16] . The risk of such event was partly attributed to the fact that aspirin is unable to inhibit platelet function in some patients. This so-called "variability of response" is estimated to occur in as much as 5-60% of patients [15] .
Clopidogrel
Clopidogrel is an irreversible thienopyridine P2Y12 receptor antagonist, thus inhibitsadenozine diphosphate (ADP) induced platelet aggregation. It is an inactive pro-drug that requires hepatic cytochrome P450 (CYP) system oxidation to release its active metabolite, which binds irreversibly through covalent modification to the ADP-coupled P2Y12 receptor [15] . There is considerable inter-individual variability in response to clopidogrel, current data suggesting that about 10% to 50% of patients treated with conventional doses do not display adequate anti-platelet response [17] [18] [19] [20] . Four independent meta-analyses studiesemphasised the association between high non-clopidogrel platelet reactivity and significant increase in stent thrombosis, non-fatal myocardial infarction and cardiovascular mortality [21] [22] [23] [24] .
The concept of anti-platelet resistance
Anti-platelet resistance can be classified as a laboratory or clinical phenomenon [25] . Laboratory resistance to aspirin may be defined as a failure to inhibit platelet TxA2 production following inhibition of platelet COX-1 enzyme [25, 26] . Laboratory resistance to thienopyridine refers to the inability to obtain reduction in ADPmediated platelet aggregation after blocking P2Y12 receptor signalling [6] .
Clinical resistance to anti-platelet drugs can be defined as failure to prevent clinical atherothrombotic events which may also be referred to as treatment failure [25] .
Mechanisms for anti-platelet drugs resistance
Possible causes for anti-platelet treatment failure include the following categories:
Reduced bioavailability of anti-platelet drugs
Noncompliance is probably the major cause of antiplatelet therapy "resistance" [27, 28] . Cigarette smoking, depression, diabetes mellitus, low education level and female sex were identified as predictors of noncompliance and treatment discontinuation [29] . Reduced bioavailability due to poor drug absorptionis the principal factor which determines the response to aspirin [26] .
There are several different pharmaceutical formulations of aspirin [26] . Optimal absorption of aspirin occurs at pH values between 2 and 4. Enteric-coated aspirin is ab-sorbed in the small intestine. It has been demonstrated that a higher pH, of 6 to 7, found in the small intestine, both delays and reduces absorption which in turn diminishes the aspirin inhibitory effect [30] .
A major issue in the field of anti-platelet therapy resistance is represented by potential drug interactions. Concurrent administration of nonsteroidal anti-inflammatory drugs (e.g. ibuprofen, indomethacin) may interfere with aspirin's anti-thrombotic effect by blocking its docking site on COX-1 [31] . Proton pump inhibitors (PPIs), that suppress gastric acid secretion, may reduce the bioavailability of aspirin due to inactivation of the drug by gastrointestinal mucosal esterases thus reducing its absorption [32] . PPIs are substrates and competitive inhibitors of CYP2C19, the hepatic isoenzyme that plays a major role in the activation of clopidogrel. Consequently, concomitant use of clopidogrel and PPIs, in particular omeprazole and esomeprazole, reduces clopidogrel active metabolite levels and ex vivo measured platelet inhibition [33, 34] . Although some studies suggest that concomitant therapy with PPIs and clopidogrel is associated with an increased risk of cardiovascular events [18, 35, 36] , a clinically meaningful effect of this interaction on cardiovascular outcomes has not been established [33] . However, since a clinical significant interaction cannot be completely excluded, Food and Drug Administration (FDA) recommends avoiding omeprazole and esomeprazole in patients treated with clopidogrel [34] . It has been suggested that there is a possible pharmacokinetic interaction between clopidogrel and statins [31] . There is some evidence that this interaction is more likely with lipophilic statins -simvastatin [37] , atorvastatin [38, 39] and lovastatin [40] , which share the same CYP metabolizing isoenzyme, CYP3A4. However, randomized clinical trials failed to detect a clinically relevant effect of clopidogrel and statin combined administration [41] . Dihydropyridine calcium-channel blockers another frequently used class of cardiovascular drugs, are also CYP3A4 inhibitors [42] . Coadministration of dihydropyridine calcium-channel blockers, e.g., amlodipine, has been associated with decreased platelet inhibition by clopidogrel [43] . However, large clinical trials excluded the clinical importance of this interaction [41] .
Genetic polymorphisms
Genetic polymorphisms is one of the most widely studied mechanism involved in the phenomenon of antiplatelet therapy resistance [3] . It is believed that up to 30% of the variability in platelet activity can be attributed to genetic factors [44] .
In order to determine if there is a genetic basis of aspirin resistance, all genetic studies on aspirin resistance, including both healthy subjects and patients with cardiovascular disease, were reviewed [45] . Fifty polymorphisms in eleven genes were investigated. In case of healthy subjects, they demonstrated a significant association between aspirin resistance and P1A1/A2 polymorphism (glycoprotein (GP) IIIa receptor gene), with the effect diminishing in case of patients with cardiovascular disease. On the other hand, no significant association with different variants of COX-1, P2Y1, P2Y12 and GP-1a genes was found. Thus, there was a failure to identify any clinically significant genetic contribution to aspirin response [46] . In a multivariate analysis, variant homozygous CC genotype AGT A-20C (rs50505) patients, treated with low dose aspirin, were shown to be more prone to have reactive gastropathy and bleeding ulcers in a population with a high prevalence of Helicobacter pylori infection [47] .
Clopidogrel is a prodrug that requires hepatic activation. The formation of the active metabolite, a twostep process, is catalysed by several CYP isoenzymes including CYP2C19, CYP1A2, CYP3A4/5, CYP2B6, and CYP2C9 [48] . The genes encoding CYP isoenzymes are polymorphic with specific alleles that are associated with decreased enzymatic activity and, as a consequence, reduced production of the active metabolite [49] .
Common polymorphisms in the CYP2C19 gene, seen in 30-55% of the population depending on the genetic background and ethnic group, significantly diminish response to clopidogrel [50, 51] . Clinical studies confirmed the impact of CYP2C19 genotype on clinical outcomes [50, 52] . Moreover, in 2010, FDA issued a warning informing that clopidogrel can be less effective in patients carrying the CYP2C19*2 loss-of-function allele (the so called poor metabolizers) and that available tests to identify genetic differences in CYP2C19 function could be used [53] . Genetic variations in other CYP enzymes involved in clopidogrel metabolic activation or in the drug target, the P2Y12 ADP receptor were not consistently associated with a risk of an adverse outcome [46, 52] .
There are studies stipulating that the response tooral anticoagulanttreatment could be affected by polymorphisms of the genes encoding cytochrome P450 2C9 (CYP2C9) enzymes and vitamin K epoxide reductase complex subunit 1 (VKORC1) [54] . Most of the studies demonstrated that VKORC1-1639AA and CY-P2C9*3*3 alleles are associated with the need for a lower dose of acenocoumarol, especially if polymorphisms of CYP2C9 + VKORC1 coexist [55] . The C3435T polymorphism in ABCB1, the gene encoding for the Pglycoprotein drug transporter involved in clopidogrel absorption, has been associated with reduced plasma concentration of clopidogrel and its active metabolite and with a 1.7-fold greater cardiovascular event rate in patients after acute myocardial infarction [52] .
Alternative pathways of platelet activation
A mechanism that can cause increased baseline platelet reactivity and in consequence anti-platelet therapy resistance is activation of platelets through COX-1 or P2Y12-independent pathways, e.g. in case of infection, inflammatory disorders, and atherosclerosis [25, 26, 56, 57] .
Accelerated platelet turnover
Accelerated platelet turnover, as in case of bleeding or stress, is another cause of reduced platelet response to anti-platelet drugs, and is due to the addition of platelets that have not been previously exposed to the action of aspirin orclopidogrel [26] .
Mechanisms for anti-platelet drugs resistance in critically ill patients
It is well known that critically ill patients require special attention and additional consideration during their treatment and management. The multiple systems and organ dysfunctions, typical of the critical patient, often results in different patterns of enteral absorption due to impaired gastric emptying, diminished hepatic metabolising capability, impaired splanchnic blood flow, increased total body water, reduced plasma proteins for drug binding, decreased fat stores, reduced microsomal enzyme activity and multiple drug interactions. Additionally there is the issue of inadequate drug formulations and routes of administration that will be discussed further (Figure 1 ).
The critical patient often needs to be sedated for long periods of time. Different drugs used for this purpose, including, but not limited to, morphine and its derivatives ± midazolam, reduce gastrointestinal motility and impede gastric emptying [58] . Also anxiety and stress seems to have a similar effect on gastric motility [59] . Clopidogrel is mainly absorbed in the intestinal portion of the digestive tract which means that reduced gastric motility may moderate its absorption [60] .
Because of the hepatic dysfunction sometimes present, the two-phase enzymatic activation of clopidogrel Figure 1 . Mechanisms for anti-platelet resistance in critically ill patients is severely impaired resulting in lower plasma levels and sub-optimal platelet function inhibition. Patients with this problem are more prone to develop hypoproteinemia/hypoalbuminemia which further influences pharmacokinetics, as clopidogrel is highly protein bound [61] .
For the critical patient it is often difficult to manage fluid balance. Patients could be severely dehydrated at admission, with third space shifting, e.g. severe sepsis, septic shock, or a positive balance after fluid resuscitation. All these variations make it hard to evaluate the volume of drug distribution and add to the complexity of anti-platelet drug dosing and management.
Though there is debate regarding this approach, induced and controlled hypothermia is still used as a management strategy for patients surviving cardiac arrest [62] . Bjelland et al. showed that after therapeutic hypothermia the effect of clopidogrel is non-existent in the first day of treatment and during the third day the recovery in partial [63] . Also there is evidence that bioavailability of clopidogrel is reduced in hemodynamic unstable patients after successful cardio-pulmonary resuscitation [64] .
Because of the nature of the disease, this subset of patients often receive multiple drugs belonging to a multitude of pharmacological classes. It is always useful to check if other prescribeddrugs are safe from unwarranted interactions with clopidogrel. In this regard, Oguet al. provided a good resource of drug interactions due to cytochrome P450 inhibitors or inducers [65] . An enzyme inhibitor will reduce the activation of the pro-drug thus reducing clopidogrel action. On the other hand, inducers of CYP450 iso-enzymes will increase clopidogrel inhibitory action. The most frequently used inhibitors in critical care facilities are ciprofloxacin, erythromycin (often administered as a pro-kinetic drug), omeprazole, amiodarone, fluconazole (prophylaxis of invasive candidiasis after long-term antibiotic therapy), isoniazid, metronidazole, sulfamethoxazole/ trimethoprim, haloperidol, propafenone, grapefuit juice (could be found in home-made enteral nutrition), and verapamil. Inducers include, carbamazepine, phenobarbital, rifampin and isoniazid.
It should be noted that the chronic use of ethanol and/or tobacco is also an important inducer of CYP activity.
One possibly overlooked interaction, that may affect critical patients, is with omega-3 fatty acids (n-3 fatty acids, polyunsaturated fatty acids -PUFA; α-linolenic, eicosapentaenoic and docosahexaenoic acid) which are known to have inhibitory effects on platelet function,66 creating an additional anti-platelet effect. The presence of omega-3 fatty acids seems to be increasing in parenteral nutrition formulations (e.g. SmofKabiven®). Although this is still open for debate [67] , caution is advised.
Clopidogrel has no parenteral formulation. This means that an enteral feeding tube is often required and in order to make the administration possible. The tablets need to be crushed, suspended in some liquid and flushed down the tube. Even if the administration itself is performed correctly, (stop on-going enteral feed, flush the enteral feeding tube with 15mL of sterile water, flush medication, draw another 10 mL of sterile water into the syringe and also flush this via the feeding tube to rinse the syringe and ensure that the total dose is administered) [68] there is evidence to show that the method used to crush the tablet may influence the bioavailability of the drug. The mortar and pestle method delivers the smallest amount of available powdered drug and is prone to the highest inconsistency among different individuals [69] . Thus, it is recommended that the tablet is placed in the barrel of an appropriate size syringe, 10 mL of sterile water should then be drawn into the syringe allowing the tablet to disperse for up to 6 minutes, shaking if necessary and then administer as described above. To overcome these bioavailability problems several attempts at designing solubility enhancements for clopidogrel have been madewith satisfactory results, one of which is the creation of microemulsions [70] .
Laboratory methods for monitoring anti-platelet therapy
Several methods for platelet function testing are currently available.Some of them are laboratory based, (e.g. light transmission platelet aggregometry -LTA, flow cytometry) while some are point of care tests (e.g. Platelet function analyser -100 system (PFA-100)/ Innovance PFA-200, VerifyNow Test, Impedance aggregometry) [14, 71] .
The most commonly used platelet function tests are summarised below.
Bleeding time
Dating from 1901, bleeding time is used to assess in vivo platelet function and the body's capacity to form a hae-mostatic clot. The test involves performing a puncture wound in a superficial area of the skin and measuring the time needed for bleeding to stop. Unfortunately, no study has demonstrated a correlation between bleeding time and risk of bleeding or thrombosis [14] . Bleeding time is inaccurate, poorly reproducible and dependent on certain variables such as temperature and skin thickness [14, 72] .
Light transmission platelet aggregometry (LTA)
Light Transmission Aggregometryor low shear aggregometry, is a method developed in the 1960s, and is regarded as the gold standard test for assessing platelet function and is still utilised to validate newer tests [26, 73] . LTA is performed on platelet rich plasma and measures changes that occur in light transmittance after platelet-platelet aggregation as a response to the addition of several agonists (ADP, arachidonic acid, collagen, epinephrine, ristocetin, thrombin receptor activating peptide etc) [26, 73] . It can be used to monitor therapy with aspirin, thienopyridines and GPIIb/ IIIa inhibitors. Despite the widespread use of LTA, there are certain aspects of this technique that limit its use as a reliable and valid method to evaluate platelet function [26] . These include poor reproducibility, low sensitivity, difficulty to standardize, high costs, operator dependency, large sample volumes, complex sample preparation and long processing times [25, 74, 75] .
Flow cytometry
Platelet analysis using flow cytometry, a conjugated monoclonal antibody based technique, may offer information on the functional status of platelets. Flow cytometry assay has many applications and can be used to identify the pathological activation state of platelets e.g. during cardiopulmonary bypass, to assess in vitro platelet activation, to evaluate the efficacy of anti-platelet therapy, to diagnose acquired or inherited platelet dysfunctions [76] . Membrane GP receptors of platelets can also be studied. Vasodilator, stimulated phosphoprotein (VASP) phosphorylation, is a method that measures activation-dependent platelet signalling. It is the most specific test used to assess the extent to which P2Y12 receptors are functionally blocked by a P2Y12 antagonist [31] . There are also methods that can be used to measure activation dependent modifications or activation markers, on the surface of platelets. These tests include the assessment of platelet surface P-selectin levels, activated GPIIb/IIIa and platelet -leukocyte clumping [31] . Despite its complex sample preparation and high costs [76] , the flow cytometry technique is favoured due to the fact that it uses whole blood, small sample volumes, has a wide range of applications and high accuracy and a good correlation with LTA [77] .
Platelet function analyser -100 system (PFA-100)/Innovance PFA-200
The PFA -100 and the updated version Innovance PFA-200 (Siemens, Marburg, Germany), were developed for platelet dysfunction screening as a standardised alternative to the bleeding time [78, 79] . Using appropriate cartridges, platelet function analyser simulates primary haemostasis. Citrated whole blood is passed under high shear stress through a microscopic aperture coated with collagen and an agonist, ADP or epinephrine [73] . As the blood passes through the system, platelets undergo adhesion and aggregation, a platelet clot forms and gradually occludes the opening. The time required to close the microscopic opening is called in vitro bleeding time or closure time [26] . The system is automated, easy to use and quick. The drawbacks of the PFA -100 system are that many variables can affect the results including haematocrit, platelet count, and plasma von Willebrand factor. It also has limited sensitivity and reliability [77, 80] .
VerifyNow Test
VerifyNow system (Accumetrics, CA, USA) is a pointof-care device that measures platelet aggregation in a system cartridge which incorporates fibrinogen-coated beads and a specific agonist. The instrument measures changes in optical signal intensity i.e. light transmission, and records the rate of aggregation in citrated whole blood [77] . The system provides three assays: (1) . GPIIb/IIIa assay that uses iso-thrombin-receptor activating peptide as agonist and is sensitive to GPIIb/ IIIa inhibitors; (2) P2Y12 assay, sensitive to thienopyridines, with ADP as the agonist in the presence of prostaglandin E1 which abolishes signalling through P2Y1 receptors; and (3) Aspirin assay, i.e. sensitive to aspirin, with arachidonic acid asthe antagonist [73] . Given the fact that the system is based on the same concept as LTA, these two correlate well [81] . Its advantages are that it is standardised, easy to use, and requires no sample processing. On the other hand, the system can be used only for monitoring anti-platelet therapy and is limited by platelet count and haematocrit as well as being is expensive [81] .
Impedance aggregometry
Impedance aggregometry is based on the principle that activated platelets display their surface receptors which allow them to attach to artificial surfaces [73] . This test measures the change in impedance between two electrodes within a whole blood sample. After adding a specific agonist, platelets adhere to the electrodes thus increasing the impedance or electrical resistance. Multiple Platelet Function Analyser or Multiple Electrode Aggregometry (Multiplate® -Dynabyte -Roche Diagnostics, Germany) is the automated version of impedance aggregometry. The advantages of whole blood impedance platelet aggregometry are that this is a diagnostic method for platelet surface glycoprotein defects, has good sensitivity for anti-platelet drugs, which are used to monitor therapy with thienopyridines, aspirin and GPIIb/IIIa inhibitors, functions with a variety of different available agonists and the samples require no preparation [73] . Limitations are due to the fact that the number of platelets should be above 100,000/microliter when testing is performed [26] .
The Working Group on Thrombosis of the ESC reviewed the role of platelet function testing in patients undergoing coronary stenting in a paper published in the European Heart Journal in 2014. The consensus summary stated that "based on the currently available evidence, the recommended assays for monitoring platelet inhibition during P2Y12-inhibitors are the VerifyNow P2Y12 assay, the Multiplate device with the ADP kit and the VASP assay". Light transmission platelet aggregometry "is only recommended when no standardized assays are available". Regarding testing the efficacy of aspirin therapy in these patients the consensus states that measurement of response to this therapy is not recommended [82] .
Testing platelet function in perioperative and critical care settings
Several whole blood point-of care tests have been demonstrated to be valuable tools in different clinical settings including critical care facilities [83] . The potential advantages of these tests are rapid turnaround time, simplified workflows, and targeted management of coagulation disorders. In severe sepsis, Adamzik et al [84] demonstrated, in an observational cohort study, that impedance aggregometry allows a better prediction of diagnosis and survival than platelet count and conventional biomarkers like procalcitonin, interleukin 6, C-reactive protein.
A retrospective study on trauma patients, chronically treated with clopidogrel, showed that the VerifyNow P2Y12 assay may be useful in stratifying patients with a higher risk of bleeding [85] .
A recent study [86] performed on orthopaedic patients, presenting with acute proximal femoral fracture, demonstrated the utility of impedance aggregometry in identifying non-responders to clopidogrel therapy. In case of non-responsiveness, these patients can be operated without delay. It is well known that delayed surgery is associated with both increased mortality and increased frequency of complications.
In cardiac surgery, perioperative platelet functional assessment using point-of-care devices like Multiplate® or VerifyNow system, can predict blood loss and transfusion requirements in patients treated with anti-platelet drugs [87, 88] .
In case of patients undergoing percutaneous coronary intervention, impedance aggregometry can predict stent thrombosis and early mortality [89] .
Conclusion
Aspirin and clopidogrel, two widely used anti-platelet agents with good antithrombotic activity, provide a significant benefit to patients with cardiovascular disease. Evidence of variability in platelet response has led to the concept of anti-platelet therapy resistance. Poor responsiveness or resistance to aspirin and clopidogrel, an emerging clinical entity, is associated with increased risk of recurrent cardiovascular events. Resistance to anti-platelet drugs has been characterized as a laboratory or clinical phenomenon. Genetic testing can identify poor metabolizers of clopidogrel. It is important to also keep in mind that multiple other factors can contribute to the variability of response to anti-platelet therapy.
Although several assays for assessing platelet activity are available, there is no perfect test for platelet function. Light transmission aggregometry, considered the gold standard test, has its limitations. On the other hand, standardised point of care tests may assist in individualising anti-platelet therapy and can be used to asses haemostatic status of critically ill patient.
